Multi-proxy geologic records of δ 18 O and Mg/Ca in fossil foraminifera from sediments under the Eastern Pacific Warm Pool (EPWP) region west of Central America document variations in upper ocean temperature, pycnocline strength, and salinity (i.e., net precipitation) over the past 30 ky. Although evident in the paleotemperature record, there is no glacial-interglacial difference in paleosalinity, suggesting that tropical hydrologic changes do not respond passively to high-latitude ice sheets and oceans. Millennial variations in paleosalinity with amplitudes as high as ~4 PSU occur with a dominant period of ~3-5 ky during the glacial/deglacial interval and ~1.0-1.5 ky during the Holocene. The amplitude of the EPWP paleosalinity changes greatly exceeds that of published Caribbean and western tropical Pacific paleosalinity records. EPWP paleosalinity changes correspond to millennial-scale climate changes in the surface and deep Atlantic and the high northern latitudes, with generally higher (lower) paleosalinity during cold (warm) events. In addition to Intertropical Convergence Zone (ITCZ) dynamics, which play an important role in tropical hydrologic variability, changes in Atlantic-Pacific moisture transport, which is closely linked to ITCZ dynamics, may also contribute to hydrologic variations in the EPWP. Calculations of interbasin salinity average and interbasin salinity contrast between the EPWP and the Caribbean help differentiate long-term changes in mean ITCZ position and Atlantic-Pacific moisture transport, respectively.
Introduction
High net precipitation (P-E > 0) maintains relatively low sea-surface salinities and a strong, shallow pycnocline in the eastern Pacific warm pool (EPWP) region west of Central America. In contrast, the Caribbean has high salinity due to high net evaporation (P-E < 0) ( Fig. 1) . Net export of freshwater in the form of water vapor from the Atlantic basin helps to maintain the salinity contrast between the Atlantic and Pacific Oceans, an important control of global thermohaline circulation, oceanic heat transport, and climate [Zaucker et al., 1994; Rahmstorf, 1995] . A significant portion of this Atlantic freshwater export occurs across the Panama Isthmus [Oort, 1983; Weyl, 1968 ]. Here, low-level (>850 mb) northeasterly winds transport water vapor from Atlantic and Caribbean sources into the EPWP region, where high sea-surface temperatures (SSTs) sustain atmospheric convection, resulting in heavy rainfall on the Pacific side of the Isthmus [Magaña et al., 1999] . Estimates of this net freshwater transport based on modern atmospheric general circulation model (AGCM) simulations and climatologic data range from 0.13 Sv [Zaucker and Broecker, 1992] to 0.45 Sv [Baumgartner and Reichel, 1975; Manabe and Stouffer, 1988] (1 Sv = 10 6 m 3 s -1 ).
The low salinity EPWP (Fig. 1 ) corresponds generally to the region of high net precipitation near the Panama Isthmus, and extends westward under the ITCZ at 8-10º N.
However, on an annual average, two separate regions of highest net precipitation are observed (near Costa Rica at roughly 5-9º N, 82-87º W, and near Colombia at roughly 4-7º N, 75-79º W). Satellite wind and altimetry observations in the EPWP region document seasonal variations in winds that accompany the meridional migration of the intertropical convergence zone (ITCZ) [Rodríguez-Rubio et al., 2003] . During boreal summer when [Haley and Klinkhammer, 2002; Benway et al., 2003 ] that combines ion chromatography and inductively coupled plasma mass spectrometry (ICP-MS) in a series of cleaning and dissolution reactions monitored continuously with time-resolved analysis (TRA). This method minimizes analytical biases associated with sample cleaning, minor diagenetic influences, and partial dissolution at the sea floor [Klinkhammer et al., 2004] .
Flow-through analysis includes measurement of a cocktail of internal standards (covering the mass range of interest) to monitor and correct for minor instrument drift, as well as a suite of external reagent standards (Ca, Mg, Sr, Al, Mn) that calibrate instrument response over a reasonable concentration range for biogenic calcite (which is linear). In addition, two external standards, NIST-1c argillaceous limestone and a homogeneous marble called the "Wiley standard," which are leached in the same way as foraminifera samples, serve as additional monitors of intra-and inter-run consistency.
Finally, standardization of daily runs is carefully checked by analysis of overlapping sections of core and replication on different days, with minor adjustments (within the errors of daily calibration) to minimize daily offsets.
Samples from ME0005A-43JC were cracked and sonicated in deionized water and 95% ethanol to remove clays. The homogenized samples were then split between stable isotope and Mg/Ca analysis. Samples from ODP Site 1242 were analyzed according to recent developments in the flow-through technique [Klinkhammer et al., 2004] . A correction was applied to older Mg/Ca data to account for a systematic offset of 0.3 mmol/mol that reflects recent improvements in standardization.
Calculations of seawater δ 18 O -temperature and sealevel corrections
Calcification temperature was calculated from Mg/Ca using SST = ln (Mg/Ca/0.38)/0.09 [Anand et al., 2003] . No corrections are needed for preservation effects, because of the shallow water depth of the sites and because the flow-through Mg/Ca analyses are relatively insensitive to such effects [Benway et al., 2003; Klinkhammer et al., 2004] . We used these temperature estimates, in combination with stable isotope analyses, calculated δ 18 O sw , based on the empirical isotopic paleotemperature equation developed for G. ruber [Thunell et al., 1999] , which is the same as a "high-light" equation developed for Orbulina universa [Bemis et al., 1998] .
We applied an ice volume correction based on coral [Clark and Mix, 2002] (0-21 ka) and benthic foraminiferal isotope [Waelbroeck et al., 2002] (21-30 ka) sealevel reconstructions to our δ 18 O sw records using Gaussian interpolation. To demonstrate the potential uncertainty associated with the ice volume calculation, we show a range of corrected δ 18 O sw (Fig. 3d ) estimates based on a δ 18 O sw -sealevel scaling range of 0.0075-0.0100 ‰ m -1 decrease in relative sea level (RSL).
Age Model
Age models for ME0005A-43JC and ODP 1242 are based on a combination of δ 18 O stratigraphy [Shackleton et al., 2000] and six accelerator mass spectrometry (AMS) 14 C dates (N. dutertrei) from ME0005A-43JC. The Calib (version 5.0.1) program [Stuiver and Reimer, 1993] was used to convert 14 C ages to calendar ages, assuming a reservoir age of 558 years, the regional average for the west coast of Central America [Stuiver and Reimer, 1993] . To apply the radiocarbon dates from 43JC to Site 1242, 1242 data were first expressed on 43JC pseudo-depths, based on depth-domain correlation of variations in stable isotope, Mg/Ca, and sediment density data.
Error Analysis
Analytical precision of δ 18 O c measurements is ± 0.06 ‰, and that of flow-through Mg/Ca measurements is ± 0.10 mmol/mol, which translates to ± 0.3°C for the temperature range considered here. In addition, the error associated with the Mg/Catemperature calibration equation [Anand et al., 2003 ] is ± 0.5°C. The compounded (analytical + calibration) temperature error is ± 0.6°C. The slope error in the paleotemperature equation [Bemis et al., 1998; Thunell et al., 1999] .
Results and Discussion

Modern Sediments
Regional core-top δ 18 O c and Mg/Ca measurements confirm near-surface calcification for G. ruber and suggest that the equation that relates temperature to Mg/Ca, as calibrated in well-preserved samples in the Atlantic [Anand et al., 2003 ] is a good approximation for geologic samples measured in the Pacific using our flow-through method (Fig. 2) .
The δ 18 O c contrast between two species of planktonic foraminifera, G. ruber and Neogloboquadrina dutertrei, which lives in the thermocline [Spero et al., 2003] (Fig. 2) provides an estimate of upper ocean density gradients. The primary control of δ 18 O c in regional surface waters from the EPWP is salinity (driven largely by net precipitation with relatively minor contributions from river runoff) , whereas in subsurface waters it is temperature (related to upwelling; Fig. 1 , inset).
The Past 30,000 Years
Over the past 30 ky, sharp decreases in G. ruber δ 18 O c at 11.2 ka and 16.3 ka reflect the deglacial transition ( Fig. 3a ). The isotopic contrast between G. ruber and N. dutertrei ( Fig. 3b ) reveals significant differences between glacial (15-25 ka, 2.3 ± 0.3 ‰) and
Holocene (0-10 ka, 2.8 ± 0.3 ‰) times, with low but variable contrast during the deglacial transition (10-15 ka, 2.4 ± 0.3 ‰). Mg/Ca in G. ruber (Fig. 3c ) documents a glacial (19-23 ka) to late Holocene (3-5 ka) temperature change of 2.8° ± 0.8°C. Abrupt warming of ~1-2°C, which started at ~19 ka, would reduce G. ruber δ 18 O c by ~0.6 ‰, suggesting that much of the glacial-interglacial change in the isotopic difference between G. ruber and N. dutertrei may reflect changes in sea-surface temperatures.
The apparent difference in timing of changes in Mg/Ca temperature and Δδ 18 O dut-ruber , however, indicates that changes in subsurface watermasses were decoupled from changes in sea-surface temperature; for example, an increase in δ 18 O of N. dutertrei and relatively high Δδ 18 O dut-ruber from 13-14 ka coincides with the Antarctic Cold Reversal [Jouzel et al., 1995] , consistent with transmission of southern ocean climate changes in subsurface water masses.
Removal of local Mg/Ca temperature and global ice volume [Clark and Mix, 2002; Waelbroeck et al., 2002] Measurements of rainwater δ 18 O and the seawater δ 18 O-salinity relationship in the EPWP region (δ 18 O sw = 0.25S -8.52) collectively suggest that the moisture budget for this region is dominated by precipitation, about half of which reflects long-distance transport . Assuming that the modern EPWP δ 18 O-salinity is applicable through time, we calculate large (up to ~4 PSU) millennial-scale sea-surface paleosalinity changes ( Fig. 4c ) in the EPWP. The amplitude of EPWP paleosalinity changes for this interval exceeds that of the Caribbean [Schmidt et al., 2004] (Fig. 4c ) and the western Pacific [Stott et al., 2002] .
Despite an appreciable glacial-interglacial SST difference, there is no significant contrast between paleosalinities averaged over the glacial (~15-25 ka, 34.8 ± 1.2 PSU) and Holocene (~0-10 ka, 34.5 ± 1.1 PSU) intervals, suggesting that there is little or no direct effect of glacial boundary conditions on surface ocean salinities in the EPWP.
Though more highly variable during the glacial interval, Caribbean records [Schmidt et al., 2004] also do not show a significant glacial-interglacial salinity contrast. These results are in apparent conflict with recent modeling [Chiang et al., 2003] and paleoclimatic [Peterson et al., 2000; Koutavas et al., 2002] evidence for a southward migration of the ITCZ in response to LGM boundary conditions, but are consistent with the model results of Takahashi and Battisti (2005) that suggest stabilization of the Pacific ITCZ in the northern hemisphere due to Andean orography. A shift in ITCZ position in both the Atlantic and Pacific would likely yield a glacial-interglacial salinity difference in both of these regions, with higher glacial salinities (relative to late Holocene) at both sites, since they are in the same latitudinal band. A southward shift in the Atlantic alone would imply a salinity increase in the Caribbean, and greater interbasin salinity contrast.
Comparison to Existing Paleoclimate Records
Relatively low EPWP paleosalinity is associated with millennial-scale climate events documented elsewhere, including intervals of sea-level rise (the 19 ka early rise and Terminations 1a and 1b [Clark and Mix, 2002] ), warmth in the tropical and subtropical [Bard, 2002] Atlantic and in Greenland (the early Holocene, the Bølling/Allerød interval, and a weak event near 19 ka) [Grootes and Stuiver, 1997] , increased terrigenous flux (increased rainfall) in the Cariaco Basin [Peterson et al., 2000; Haug et al., 2001] , and higher rates of Atlantic meridional overturning circulation (MOC) indicated by 231 Pa/ 230 Th [McManus et al., 2004] . North Atlantic benthic δ 13 C records from MD95-2042 (37° 48'N, 10° 10'W, 3146 m) [Shackleton et al., 2000] , V30-51K (19° 52'N, 19° 55'W, 3409 m) [Mix, 1985] , and ODP Site 980 (55° 29'N, 14° 42'W, 2179 m) [McManus et al., 1999; Oppo et al., 2003] EPWP paleosalinity is highly variable during the LGM with generally higher paleosalinity from ~23-21 ka, followed by a marked decline that occurs ~21-19 ka. This
LGM pattern contrasts with the record from the Caribbean [Schmidt et al., 2004] , where paleosalinity starts lower (~23-21 ka) and rises during the ~21-19 ka interval.
Mechanisms of Climate Variability
Numerous modeling studies [Vellinga and Wood, 2002; Zhang and Delworth, 2005; Dahl et al., 2005] show a southward migration of the ITCZ, especially in the Atlantic sector, in response to reduced Atlantic thermohaline overturn. While some North Atlantic freshwater hosing experiments yield hydrologic impacts that expand into the tropical Pacific [Vellinga and Wood, 2002 [Schmidt et al., 2004] records show limited coherence in the millennial frequency band, and phase calculations suggest that paleosalinity changes at the Caribbean site lead those at the EPWP site ( Fig. 6 ). This phasing implicates other processes in addition to ITCZ dynamics to explain the variability observed in these tropical records.
It is difficult to characterize large-scale processes like ITCZ dynamics and crossisthmus vapor transport with paleosalinity records from only two sites. Ideally, these processes would be described with a network of tropical and subtropical sites from the Caribbean, Atlantic and Pacific. However, in a preliminary attempt to examine these processes in our records, we calculated variations in interbasin (Caribbean vs. EPWP) paleosalinity average ( Fig. 4d ) and interbasin paleosalinity difference (Fig. 4e ). Both properties were calculated by placing the higher resolution Pacific record on the Caribbean time scale using Gaussian interpolation (time step = 0.1 ky, filter width = 0.4 ky). EPWP and Caribbean paleosalinities from both sites were calculated using modern regional δ 18 O sw -S relationships Schmidt et al., 2004] .
The potential chronological error associated with comparing the two time series is calculated by using 2-sigma error bars on radiocarbon dates to construct the oldest and youngest possible age models for both records. The gray curves in Figs. 4d and 4e encompass the largest possible chronological error ranges in the difference and average calculations. Although the amplitudes are affected in parts of each record, the timing and patterns of variability are generally the same, suggesting that these comparisons of EPWP and Caribbean records are robust to existing chronologic uncertainties.
Relatively low interbasin average salinity, which should represent a more northern position of the ITCZ, occurs ~21-19 ka, marking the end of the LGM, and during the Bølling/Allerød and early Holocene climatic optimum warm periods (Fig. 4d ). During colder intervals such as the Younger Dryas, H1, H2, and H3, the interbasin average is relatively high, perhaps suggesting a more southward position of the ITCZ. Apart from the LGM interval, sediment reflectance records from Cariaco Basin [Peterson et al., 2000] are consistent with this pattern (Fig. 4b) , with wetter (dryer) conditions during warm (cold) intervals of the last 30 ky. However, the glacial-interglacial difference that has been observed in the Cariaco Basin records [Peterson et al., 2000; Haug et al., 2001] is not reflected in the interbasin average salinity.
The average salinity difference between the EPWP and Caribbean (Fig. 4e ) is 1.2 PSU, and as with the interbasin average, there is no significant difference between average glacial and average Holocene conditions, suggesting that glacial boundary conditions alone do not control westward vapor transport. A maximum contrast of ~2-3 PSU occurs toward the end of the LGM (~21-19 ka). The divergence of the Pacific and Caribbean paleosalinities at this time may reflect relatively high vapor transport at a time when the ITCZ is relatively far to the north, as reflected by relatively low interbasin average salinity. Following the LGM, higher than average interbasin contrast occurs in general during warmer intervals such as the Bølling/Allerød and early Holocene climatic optimum, and lower than average interbasin contrast corresponds to colder periods such as the Younger Dryas and H1 (Fig. 4e ), although the timing of abrupt changes is not identical to the high-latitude events. The approximate anti-phasing of the interbasin salinity contrast and interbasin salinity average records throughout the past 30 ky (Fig. 4) suggests increased (decreased) vapor transport during periods of relatively low (high) background salinity, indicative of a northward (southward) ITCZ position, as described by Peterson et al. [2000] . This connection, if correct, would suggest that the modern seasonal cycle, which is characterized by stronger northeasterly trades and increased cross-isthmus transport (as evidenced by minimum sea surface salinities during winter months at this EPWP site) during southward excursions of the ITCZ, is not an analog for longer-term variations in the past.
Cross-spectra comparing both EPWP δ 18 O sw and interbasin contrast with Atlantic
MOC strength [McManus et al., 2004] reveal coherence at periods of 3-5 ky (Fig. 7) , the dominant period observed in the glacial/deglacial portion of the Pacific δ 18 O sw record ( Fig. 5) . Given the chronological uncertainties in the interbasin contrast record, crossspectra were calculated across the full range of potential interbasin contrast chronologies (gray lines, Fig. 4e ) propagated from 2-sigma 14 C age ranges in the Pacific and Caribbean δ 18 O sw records (i.e., youngest plausible Pacific chronology versus oldest plausible Caribbean chronology, and vice versa). The coherence between interbasin contrast and Atlantic MOC at periods of 3-5 ky is robust to these age model uncertainties. Phase calculations suggest the possibility of a lead of interbasin contrast over Atlantic MOC by as much as ~1 ky, but large error bars on the phases preclude accurate estimates of leads and lags within the limits of chronological uncertainty. The EPWP δ 18 O sw and interbasin contrast records are also coherent with Atlantic δ 13 C records [McManus et al., 1999; Oppo et al., 2003; McManus et al., 2004] at periods of 3-5 ky. The lack of glacialinterglacial contrast in the hydrologic system, and the possibility that tropical changes may lead high-latitude climate and circulation changes, open the possibility that North Atlantic circulation is in part influenced by changes in westward vapor transport, via control of the North Atlantic salinity budget and thermohaline overturn, as originally suggested by Weyl [1968] . The sensitivity of this coupled system may depend on climate stability and the mean state of the North Atlantic [Schmittner and Clement, 2002] .
One plausible tropical mechanism for changing inter-ocean vapor transport calls on the relative roles of atmospheric moisture content and tropospheric wind speed [Hostetler and Mix, 1999] . Cooling of the tropical and subtropical oceans would reduce moisture content of the lower atmosphere. Reduced evaporation and export of freshwater to the Pacific would over time decrease Atlantic salinity, thereby reducing North Atlantic Deep Water (NADW) formation [Zaucker et al., 1994; Rahmstorf, 1995] . At the same time, a diminished supply of Atlantic moisture to the EPWP region would result in less rainfall and higher Pacific salinities, with potential to support more rapid ventilation of intermediate and/or deep waters of the North Pacific [Zheng et al., 2000] .
Tropical cooling (relative to mid-to-high latitudes) would also reduce trade wind intensities and cyclogenesis, which both play a role in westward vapor transport , and such effects offer the potential to amplify effects of atmospheric moisture at millennial scales. Lack of significant glacial-interglacial change of inter-basin salinity contrast, however, may suggest that at longer time scales the competing effects of lower atmospheric vapor and higher wind speeds (associated with compressed thermal gradients to high latitudes at the LGM), were approximately balanced.
Following reduction of Atlantic meridional overturning circulation, buildup of oceanic heat in the tropical and subtropical Atlantic would increase atmospheric moisture and net westward vapor transport, eventually leading to increased Atlantic salinities and a return to the "NADW-on" mode. This set of connections based on varying cross-isthmus vapor transport could conceivably form an Atlantic-Pacific Salt Oscillator, analogous to a salt oscillator previously envisioned within the North Atlantic [Broecker et al., 1990] .
Conclusions
Late Alternatively, an Atlantic-Pacific salt oscillator, in which tropical climate processes trigger changes in Atlantic-Pacific moisture transport, which in turn alters the salt balance between the Atlantic and Pacific basins, may initiate changes in deep ocean circulation and climate, providing a mechanism in which the tropics serve as a coupled feedback mechanism, rather than a passive response to high-latitude climates. A growing network of high-resolution paleosalinity records from the eastern tropical Pacific and Caribbean will reveal more complete spatial patterns of past tropical hydrologic changes and allow for more robust comparisons between the Pacific and Caribbean, and to records of Atlantic MOC and high latitude temperature.
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Auxiliary Material
Data tables 1-4: Table 1 = age model information; Table 2 = core top data; Table 3 = ME0005A-43JC downcore data; Table 4 = ODP 1242 downcore data , 1998] of the EPWP region with isopycnals (red dotted) and predicted δ 18 O c isolines (black solid) calculated from temperature and salinity [Bemis et al., 1998 ] assuming modern regional δ 18 O sw -S . et al., 2003] . Modern annual average surface temperature [World Ocean Atlas, 1998 ] is indicated on the y-axis. D. δ 18 O sw estimates calculated from G. ruber Mg/Ca and δ 18 O c [Bemis et al., 1998; Thunell et al., 1999] and corrected for ice volume changes [Clark and Mix, 2002; Waelbroeck et al., 2002] . ] based on Mg/Ca (red) and subtropical northeast Atlantic core SU8118 [Bard, 2002] based on alkenones (black). B. Measured color reflectance (550 nm) [Peterson et al., 2000] and % Ti [Haug et al., 2001] and the Caribbean [Schmidt et al., 2004] . The same ice volume correction is applied to both records (see bold red curve, Fig. 3d ), and two separate salinity scales are shown, based on regional δ 18 O-S Schmidt et al., 2004] . Black circles indicate Caribbean radiocarbon age control points with 2-sigma error bars. Pacific radiocarbon age control points are shown in Fig. 3D . D.
Estimates of interbasin salinity average based on averaging Pacific and Caribbean [Schmidt et al., 2004] Pacific and Caribbean [Schmidt et al., 2004] [Shackleton et al., 2000] , V30-51K [Mix, 1985] , and ODP Site 980 [McManus et al., 1999; Oppo et al., 2003 ] also indicate changes in deep ocean circulation. G. GISP2 δ 18 O ice [Grootes and Stuiver, 1997] [Schulz and Stattegger, 1997; Schulz and Mudelsee, 2002] for the A. Holocene (0-10 ka) and B. Glacial and deglacial (10-30 ka) portions of the EPWP δ 18 O sw record. Bandwidths and degrees of freedom are indicated. The dotted-dashed lines represent the 95% confidence intervals. Figure 6 . Cross-spectral, coherency, and phase calculations based on a Schultz fast fourier transform that allows for non-constant delta-T [Schulz and Stattegger, 1997; Schulz and Mudelsee, 2002] [World Ocean Atlas, 1998 ] of the EPWP region with isopycnals (red dotted) and predicted δ 18 Oc isolines (black solid) calculated from temperature and salinity [Bemis et al., 1998 ] assuming modern regional δ 18 Osw-S . [Bemis et al., 1998 ]. Red (blue) symbols indicate measured δ 18 Oc of G. ruber (N. dutertrei) in multi-core tops at each site. B. Annual average temperature at 0, 50, and 100 m [World Ocean Atlas, 1998 ]. Red symbols indicate Mg/Ca-based temperature estimates from G. ruber in multi-core tops at each site. Mg/Ca is converted to temperature using the calibration equation of Anand et al. [2003] . Core top Mg/Ca and δ 18 Oc measurements verify that the depth habitat of G. ruber is in the upper mixed layer. The δ 18 Oc multi-core data for N. dutertrei verify that the depth habitat of this species is near the base of the thermocline, which is ~50-75 m at these coring sites (ME0005A-43JC, ODP 1242). 
